Introduction
Heterogeneous morphologies, such as dispersed morphology and co-continuous morphology, are usually observed when melt blending two immiscible polymers [ 1 , 2 ] .
Of all possible morphologies, co-continuous blends involving the co-existence of at least two continuous structures are of great importance since they combine the properties of continuous phase for both components [ 3 ] . Several important factors including compositions (such as volume fraction), structural parameters of the constituent polymers (such as interfacial tension and viscoelastic properties), processing conditions (such as frequency, shear rate and mixing time) play a critical role in the development of co-continuous morphology [ 4 , 5 ] . Co-continuous morphology is usually observed in a certain concentration range around phase inversion which is defined as a the condition where both blend phases reach the maximum continuity [ 3, 6, 7 ]. Several semi-empirical models to predict the phase inversion were proposed on the basis of viscosity, elasticity, and torque [ 3, 8 ] . Recently, attentions have been paid to building co-continuous structure by controlling the percolation network of conductive fillers in conductive polymer composites (CPC) [ 9 , 10 , 11 ] . Percolation is generally considered as a critical filler loading where the first three-dimensional continuous conductive network is built throughout the polymer matrix [ 12 , 13 ] . For co-continuous CPC, the selective location of conductive fillers in one phase or at the interface gives the opportunity to decrease the percolation threshold to a very low level [ 14 , 15 ] . Double percolation is adopted to describe the heterogeneous distributed structure of conductive fillers in the co-continuous composites, where both the percolation network in filler-rich phase and the continuity of this phase in the composites are basic requirements for a conductive network through the composites [ 16 , 17 ] .
From a practical point of view, a low percolation threshold offers the possibility to obtain conductive composites with excellent mechanical and processing properties.
Much effort has been devoted to design and preparation of double percolated structures by controlling the location of conductive fillers preferably in the minor phase or at the interface of immiscible polymer blends [ 18 ] . A significant reduction in the percolation concentration has been realized by selective localization of carbon black (CB) in by SEM in the range of 100nm. All materials were used as received.
Sample preparation
The morphology of immiscible polymer blends depends on their compositions as well as the nature of polymers and the processing conditions [ 42, 7 ]. This paper mainly focuses on the influences of compositions. Thus, samples were prepared under the same conditions by using a twin-screw micro-compounder (DSM, Netherlands) with a mixing chamber of 15 cm 3 and two co-rotating conical screws. Sample preparation was carried out at a screw rotation speed of 100 rpm under nitrogen flow to prevent thermal oxidation during compounding. For PVDF/PPgMA blends, mixing were performed at 210°C for 10 min. For the composites with graphite (KS4), PVDF and PPgMA were first fed into the micro-compounder and blended at 210°C for 3 min, then graphite was fed and the mixing was continued for another 5 min. The materials were then compression moulded using a laboratory press at 220°C for 1 min into desired thick sheets and then cooled under pressure to room temperature.
Solvent extraction
Selective solvent extraction is a classical method to quantify the phase continuity on a 3D scale [ 43 , 44 ] . Indeed, a polymer in a blend can be completely progressively extracted by its solvent only when it is distributed in a continuous phase, whereas droplets of the same polymer embedded in a second insoluble polymer cannot be extracted. The PVDF phase was selectively extracted by N,N-dimethylformamide (DMF) at 50°C for 4 h. If the sample disintegrates completely, then PPgMA is considered as fully dispersed in the PVDF matrix and PVDF is considered as 100% continuous. In the case where the sample is not disintegrated, the continuity index (CI) of PVDF can be estimated by the ratio of the mass of PVDF dissolved over the total mass of PVDF added to the blend.
is the dissolved mass of PVDF;
is the initial mass of PVDF in the blend.
Morphological characterization
The morphology of the materials was observed by optical microscopy (OM), using a Nikon Eclipse LV100D instrument in reflection mode or scanning electron microscopy (SEM) using a LEO 1450 VP instrument, equipped with a back scattered electron detector and EDS elemental analysis INCA Energy 7353 probe. The extruded samples were cut at low temperature (-50°C) to obtain a planar section parallel to the extrusion direction or fractured in liquid nitrogen. SEM samples were then gold coated to ensure surface conductivity during observation.
To observe phase morphology, some fractured samples were etched in DMF (1 h, 50°C)
to dissolve the PVDF phase selectively. Partial etching (20 min, 50°C) was performed on PVDF/PPgMA (9/1) to partially extract PVDF and keep the integrity of the sample.
Dynamic mechanical thermal analysis
Dynamic-mechanical thermal analysis (DMTA) was performed on compression molded films (30 mm × 6 mm × 0.5 mm) in tension film clamp using a TA Q800 instrument.
The sample was heated from -50 °C to +160 °C at a heating rate of 2 °C/min and an oscillation frequency of 1 Hz. Strain controlled mode was adopted with a strain of 0.05% (within the range of linear viscoelaticity) and a preload force of 1.0 N.
Thermal diffusivity measurements
Thermal diffusivity was measured by LFA 427 (Laser Flash Apparatus, Netzsch
Gerätebau GmbH, Selb/Germany). Samples with 12.6 mm in diameter and 1 mm in thickness were used, and they were flash heated by the Laser from below. Thermal diffusivity is evaluated from the temperature history of the upper front surface as measured by an infra-red sensor.
Electrical resistivity measurements
Electrical resistance was tested on either the Keithley 2400 ohmmeter (for VR≤40MΩ)
or on the Keithley 2700 ohmmeter (for VR>>1MΩ), on disks sizing 12.6 mm in diameter and 1 mm in thickness. Flat surfaces were coated with electrically conductive paint to ensure electrical contact with the probe. 
Results and discussion
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Morphology of PVDF/PPgMA/graphite composites
To achieve desired final properties, the control of morphology is crucial. As evidenced above, co-continuous structure can be obtained when the concentration of
PPgMA is between 30 and 40 wt.%. To build a network for electrical or thermal transfer at low filler loading, PVDF/PPgMA 7/3 was selected for further research. As a first approach, the ratio between PVDF and PPgMA was kept constant and graphite was added at different concentration (10, 20, 30 wt.%). The micrographs obtained by optical microscopy on cryo-cut surfaces are shown in Figure 5 .
In all blends, a clear phase separation is observable and graphite, observable as shiny particle when observed in reflected light, appears to be selectively located in the minoritary phase (i.e. PPgMA). The selective distribution of fillers in immiscible blends depends both on thermodynamics and kinetics of mixing [ 50 ] . In PVDF/PP blends, CB was previously found to locate in the PP phase rather than the PVDF phase In the present case, due to the micronic size of graphite platelets, excessive refinement of the blend structure is to be avoided, as particles can cause defects of continuity when phase separation becomes comparable to the size of graphite platelets. From these results, the ratio between PPgMA and graphite appears to control phase morphology. To further investigate this issue, a composite having a graphite loading of 10 wt.% and reduced relative amount of PPgMA (13.5%) was also prepared for comparison and microstructure is reported in Figure 5d . It is clearly observable that graphite containing domains present very elongated shape and some degree of continuity into the continuous matrix. Such a bidimensional structure is expected to correspond to a certain degree of co-continuity in the three dimension, which cannot be fully appreciated from .
SEM analysis was performed on fragile-fracture surfaces to gain some more insight about the 3D structure of co-continuous blends. Figure 6 show the microstructure of PVDF(56)/PPgMA(24)/Graph (20) : graphite platelets are clearly observable in PPgMA phase only, as confirmed by EDS analysis and continuity of both phases can be appreciated thanks to the high depth of field of SEM images. Debonding at the interfaces can also be observed, owing to limited compatibility between the two polymers.
Electrical and Thermal conductivity of PVDF/PPgMA/graphite composites
The electrical conductivity of PVDF/PPgMA/graphite composites was calculated from measured resistance. The results are collected in Table 2 and reported in Figure 7 .
Compared with PVDF or PPgMA (conductivity in the range of 10 -14 S/cm), the conductivity of the composites dramatically increases (10 -7~1 0 -2 S/cm), revealing the obvious improvement of electrical conductivity of the composites.
Within co-continuous blends containing graphite, electrical conductivity is strongly increased by the increase in graphite content. In particular, an increase by four orders of magnitude was obtained increasing graphite content from 10% to 20%, which is attributed to a higher co-continuity degree, in addition to the obvious effect of the higher conductive particle content. Interestingly, with 30% graphite in the blend, the value of electrical conductivity is comparable with the simple composite
PPgMA ( Thermal conductivity of composites was also evaluated in terms of thermal diffusivity, reported in Table 2 . As the graphite concentration increases from 10% to 30% in the composites with PVDF/PPgMA ratio of 7/3, thermal diffusivity increases nearly linearly, to a value of 0.362 mm²s -1 with 30% graphite. Unlike electrical resistivity, thermal diffusivity of the composites does not go through a sharp change even though these composites have been proved of co-continuous structure, in agreement with previously reported results [ 28, 53 ] . This is explained by the fact that the ratio between filler and matrix conductivities is typically in the range of 10 16 for electrical transport and in the range of 10 3 for thermal transport. Furthermore, the efficiency of contact between particles is related to the mechanisms of conduction.
Electrical conductivity is based on electron transmission, which is possible by tunnel effect when two particles are close enough, whereas a phonon (responsible for thermal transfer) requires strong vibrational coupling between the particles for effective heat transmission through the contact. The problem of thermal contact between particles resulting in very low efficiency of particle-particle heat transfer, is discussed extensively (10) showed very elongated domains and only some degree of co-continuity. This morphology might account for the different trends in its electrical and thermal conductivity. Since the transfer of phonons depends much on the interface structure and thermal contact of the particle, the degree of co-continuity will exert more significant influence on thermal conductivity than electrical conductivity.
Conclusions
The morphology of PVDF/PPgMA blends prepared by melt mixing was studied for PPgMA content ranging from 10wt.% to 50wt.% by selective solvent extraction coupled with SEM and DMTA, showing the formation of well co-continuous structure in blend containing 30 wt.% PPgMA.
When adding graphite particles to the blends, these selectively locate in the PPgMA phase. On the other hand, the co-continuity of the blend having PVDF/PPgMA ratio 7/3 is retained in the presence of graphite up to graphite loading of 30%, evidencing the formation of a double percolated structure. Furthermore, a progressive refinement of the phase separation was observed with increasing graphite content, down to a few micron range for 30wt.% graphite loading.
Electrical and thermal conductivities for the blends were evaluated, clearly showing better performance of the double percolation structures compared with single polymer composites containing the same graphite loadings, for both electrical and thermal conductivities. 
